Background {#Sec1}
==========

Foodborne pathogens and their biofilms are one of the serious problems of human health. Due to production of bacterial matrix during biofilm formation, bacteria are well protected against clinical antibiotics and thus it is difficult to eliminate them from food processing facilities \[[@CR43]\], so introduction of effective methods is critical to prevent and remove biofilms to guarantee safe food production and preservation process \[[@CR24], [@CR44]\].

Today, shelf life and the safety of food products were enhanced by using natural or controlled microflora, mostly lactic acid bacteria \[[@CR47]\] and natural components such as antimicrobial peptides (AMPs) \[[@CR16]\].

As *Lactococcus lactis* are normally present in dairy products, replacement and establishment of these bacteria in the intestine can help human health by preventing invasion of pathogenic bacteria using reduction of intestine pH as well as production of natural antimicrobial compounds \[[@CR7]\]. AMPs are a group of innate immune system molecules that contain 12--50 amino acids and exist in all organisms \[[@CR38]\]. AMP has been known as a natural molecule with activity toward a broad spectrum of microorganisms including bacteria, fungi, and viruses \[[@CR11]\]. Moreover, AMPs have been considered as a new generation of biologically active regulators that can prevent oxidation and microbial degradation in foods \[[@CR35], [@CR49]\].

In the present study, the recombinant expression of a chimeric form of peptide derived from camel milk lactoferrin (lactoferrampin + lactoferricin named cLFchimera) was achieved in a food-grade *L. lactis* strain. Lactoferrin has the ability to modulate the immune system as well as bacteriostatic activity \[[@CR41], [@CR53]\]. Lactoferrampin and lactoferricin are two rich sources of hydrophobic and cationic antimicrobial peptides in N-terminus lactoferrin protein with activity toward a broad-spectrum of microorganisms including bacteria, fungi and viruses \[[@CR8], [@CR69]\]. Haney and co-workers \[[@CR22]\] fused these two peptides and showed that the chimeric form has stronger antimicrobial activity compared to natural lactoferrin \[[@CR22]\].

More recently, the recombinant form of cLFchimera has been cloned and expressed in *E. coli* \[[@CR64]\] in our lab. The results of in vitro studies showed that this peptide has antibacterial \[[@CR62], [@CR64], [@CR65]\], antiviral \[[@CR61]\], and anticancer \[[@CR63]\] properties. Furthermore, the results of an in vivo experiment showed that supplementing *E. coli* challenged broilers with cLFchimera improved villi morphology in the jejunum, restored microbial balance in the ileum, and improved gene expression of cytokines and tight junctions in the jejunum of challenged birds \[[@CR14]\].

In this investigation, we generated an engineered food-grade *L. lactis* with the ability to secrete a chimeric peptide derived from camel lactoferrin into the culture medium. in vitro antibacterial, anti-biofilm and antioxidant activity of the recombinant chimeric peptide were determined on some food spoilage bacterial strains. Finally, using computational modeling approaches we try to predict peptide interaction to lipopolysaccharides (LPS) and DNA as two main targets in bacteria \[[@CR15], [@CR36], [@CR50], [@CR51]\].

Methods {#Sec2}
=======

Bacterial strains, vectors, growth conditions and other reagents {#Sec3}
----------------------------------------------------------------

*Lactococcus lactis* AMJ1543 (Bioneer, Denmark) strain was used as the expression host. *L. lactis* strain AMJ1543 was grown at 30 °C in rich M17 medium supplemented with glucose and D-Alanine (2.25 mM, Sigma, USA). This strain is a D-Alanine auxotrophic strain and possesses a non-antibiotic-based alanine racemase selection system. The *alr* gene encodes alanine racemase protein which catalyzes the interconversion of L-Alanine to D-Alanine which is crucial for cell wall biosynthesis. D-Alanine is not a common ingredient in large-scale fermentation media, so the *L. lactis* strain AMJ1543 is not able to grow in the medium free of D-Alanine. Presence of pAMJ1653 expression vector which harbors *alr* encoding gene in *L. lactis* strain AMJ1543 can provide a condition in which L-Alanine can be converted to D-Alanine by alanine racemase protein, so that it can be grown in M17 (Sigma, USA) medium without D-Alanine. The pAMJ1653 vector (Bioneer, Denmark, Fig. [1](#Fig1){ref-type="fig"}A) was used as an expression vector which contains specific *L. lactis* promoter and is up-regulated by low-pH \[[@CR29]\]. Unless indicated otherwise, all chemicals, commercial kits and enzymes were obtained from Sigma Chemical (USA), Roche (Germany), New England Biolabs (England) and Thermo Fisher Scientific (USA) Companies, respectively. Fig. 1**A** The schematic maps of recombinant pAMJ1653 vector (R-pAMJ1653) harboring cLFchimera and schematic representation of cLFchimera and its parts. P170 promoter, *L. lactis* promoter is up-regulated by low-pH; SP, signal sequence of SP310mut2; LFchimera, chimeric antimicrobial peptide, T, terminator; alr WCFS1, *L. plantarum* WCFS1 *alr* gene encoding alanine racemase; repB, a replicon from *L. lactis* for maintenance in *L. lactis;* p15A, a replicon from *E. coli* for maintenance in *E. coli.***B** Restriction mapping analysis. **b1**) Undigested pAMJ1653 plasmid (Lane 1 and 2, refer to replicates); **b2**) Double digestion of recombinant pAMJ1653 vector by *SapI* and *SalI*. The size of the band of interest after double digestion is 125 bp. **C** SDS-PAGE analysis of the *L. lactis* culture supernatant. A protein band with the size of 4.2 kDa (shown by arrow) represents the recombinant cLFchimera peptide. From left to right: lane 1: size marker protein (ladder protein), lane 2: purified cLFchimera from culture supernatant of *L. lactis* harboring recombinant pAMJ1653 vector and lane 3: culture supernatant of *L. lactis* harboring self-ligated pAMJ1653 vector with no cLFchimera coding sequence was passed through Ni-NTA agarose column and was loaded on SDS-PAGE as negative control

### Gene synthesis and vector construction {#Sec4}

The chimeric lactoferricin and lactoferrampin consists of 36 amino acids and was generated through the fusion of two short regions of camel lactoferrin ^284^DLIWKLLVKAQEKFGRGKPS^303^ (ID: AHJ37525) and ^49^RVKKMRRQWQACKSS^35^ (ID:NP_001290496.1) linked by Lysine (GenBank accession number: MH327768). The chimeric peptide encoding sequence was codon optimized for the appropriate expression in *L. lactis* by Genscript® (USA). The restriction sites of *Sap*I and *Sal*I were added to the N and C-terminus of the chimera sequence for cloning in pAMJ1653 vector. The sequence was chemically synthesized by Generay Biotech (Shanghai, China). For vector construction, pAMJ1653 and pGH cloning vectors (a vector harboring synthetic gene) were sequentially digested by *Sap*I (New England Biolabs, England) and *Sal*I restriction enzymes (Thermo Fisher Scientific, USA). The digestion products were then purified and ligated by gel extraction and fast ligation kits (Thermo Fisher Scientific, USA), respectively.

Peptide expression {#Sec5}
------------------

The competent cells of *L. lactis* strain AMJ1543 were initially prepared \[[@CR27]\] and subsequently transformed by electroporation with an aliquot of the ligation reaction based on the protocol of electroporation for *L. lactis* strains \[[@CR39]\]. The colonies harboring recombinant pAMJ1653 were first selected in growth medium free of D-alanine (M17 + glucose) at 30 °C and then verified by colony polymerase chain reaction (PCR). The sequences of primers for recombinant constructs verification were PLF: 5′-CTGCCTCCTCTCCCTAGTGC-3′ for the forward and PLR: 5′-CTAAGGATGATTTCTGGCAGGG-3′ for the reverse primer, respectively. PCR program was performed using the Personal Cycler™ thermo cycler (Biometra, Germany) with initial denaturation at 94 °C for 5 min followed by 35 cycles of denaturation, annealing and extension for 30 s at 94 °C, 30 s at 56 °C and 30 s at 72 °C, respectively. Finally, an additional cycle extension was carried out for 10 min at 72 °C. The total volume of PCR reaction was 25 μL with the reaction mixture containing 2.5 μL of 10X PCR buffer, 2 μL MgCl~2~ (50 mM), 2 μL dNTPs (2.5 pmol/μL), 1.5 μL of mix primer (5 pmol/μL), 0.125 U/μL of EX Taq DNA polymerase (Takara, Japan) and deionized water up to 25 μL reaction volume. The culture supernatant obtained from the transformant strain of *L. lactis* was first evaluated for the production and accumulation of the heterologous peptide using the disk diffusion test, and subsequently analyzed by SDS polyacrylamide gel electrophoresis (SDS-PAGE). The recombinant *L. Lactis* was grown in M17 medium at 30 °C for 16 h and then 15 μL of culture supernatant was electrophoresed on SDS-PAGE in Tris/glycine/SDS buffer using 17.5% acrylamide gels and visualized using Coomassie Brilliant Blue staining protocol. The expressed peptide was purified using Ni-NTA agarose column (Thermo, USA) according to the manufacturer's instructions. The quality and quantity of purified recombinant cLFchimera was analyzed on a 17.5% SDS-PAGE gel electrophoresis and Bradford method \[[@CR9]\], respectively.

Antibacterial activity tests {#Sec6}
----------------------------

The foodborne bacterial strains: *Escherichia coli* (ATCC 25404), *Staphylococcus aureus* (ATCC 15981), *Salmonella typhimurium* (ATCC 14028), *Enterococcus faecalis* (ATCC 47077)*, Listeria monocytogenes* (ATCC 19111) and *Pseudomonas aeroginosa* PAO1 were kindly provided from the bacterial collection in the Department of Food Science and Technology, Ferdowsi University of Mashhad, Iran. The disc diffusion method was performed to determine the rate of bacterial inhibition by culture supernatant. Various volumes of culture supernatant of transformed cells (10, 20 and 40 μL) were loaded as peptide solution on 6 mm sterile paper discs. Each loaded disc was placed on the surface of a Muller Hinton Agar petri dish and incubated at 37 °C for 16 h. The discs loaded by standard antibiotic Penicillin (10 mg/disc) and Gentamicin (10 mg/disc) as well as 40 μL of culture supernatant obtained from transformed *L. lactis* by vector with no cLFchimera coding sequence were used as positive and negative control respectively. Antimicrobial activity was evaluated by measuring the diameter of the inhibition zone around the discs (mm). As maintained by the Clinical and Laboratory Standards Institute (CLSI) the minimum inhibitory concentrations (MICs) of the cLFchimera were measured in Broth microdilution \[[@CR17], [@CR28]\]. In summary, Mueller Hinton Broth (Cation-adjusted) that contains increasing concentrations of cLFchimera is inoculated with specific number of cells (approx. 5 × 10^5^ CFUs/mL) in micro-titer plates (polypropylene), while each plate includes a positive and negative control. After incubation, the MIC concentration of AMPs is defined as the lowest concentration inhibiting visible growth of bacteria after overnight incubation. All plates were incubated for 18--20 h. The MIC measurements were carried out in triplicate.

Phenotypic biofilm assay {#Sec7}
------------------------

Semi-quantitative determination of biofilm formation was performed in triplicate by colorimetric microtiter plate as previously described \[[@CR30]\]. Pure cultures of *S. aureus* ATCC 15981, *E. coli* ATCC 25404, *P. aeroginosa* PAO1 and *E. faecalis* ATCC 47077 were used. Briefly, the strains were cultured in 5 mL tryptic soy broth (TSB; DIFCO, Becton Dickinson, Franklin Lakes, NJ, USA) with 1% glucose (Glc) for 18 h at 37 °C and treated with cLFchimera (50% of the MIC) or control medium. The cultures were diluted (1:100) in the same medium, 200 μL was inoculated in a 96-well plate, and plates were incubated at 37 °C for 24 h. The plates were washed twice with phosphate-buffered saline (PBS), dried for 1 h at 65 °C, 1% crystal violet was added, and the plates were incubated for a further 30 min at 25 °C. Each well was washed twice with PBS and 200 μL PBS was added prior to measuring absorbance at 590 nm using a microplate reader (state fax3100, USA). All strains were tested in quadruplicate in two independent experiments. The cut-offs proposed by Stepanović et al. \[[@CR60]\] were used to classify the level of biofilm production. The uninoculated medium was used, as control, to determine the background OD. The cut-off OD (ODc) was defined as three standard deviations above the mean OD of the negative control and the final OD value, of a tested strain, was defined as the average OD of the strain reduced by the ODc value. The adherence ability of the tested strain was classified into four categories based on the OD: non-adherent (OD \< ODc), weakly adherent (ODc \< OD \<2XODc), moderately adherent (2XODc \< OD \< 4XODc), and strongly adherent (4XODc \< OD).

Antioxidant activity of cLFchimera {#Sec8}
----------------------------------

The antioxidant activity was determined using 2, 2-Diphenyl-l-picrylhydrazyl (DPPH) as a free radical as previously described \[[@CR10]\]. Briefly, peptide solution in methanol (0.1 mL) was added to 3.9 mL of a 6 × 10^− 5^ mol/L methanol DPPH solution. The decrease in absorbance was determined at 515 nm at 0 min, 1 min and every 15 min until the reaction reached a plateau. Inhibitory effect of cLFchimera was determined as follows: \[OD DPPH solution (control) -- OD treatment (cLFchimera)/DPPH solution\] 100%. Antiradical activity was defined as the amount of antioxidant necessary to decrease the initial DPPH concentration by 50% (Efficient Concentration = EC~50~).

Thermal stability of recombinant peptide {#Sec9}
----------------------------------------

Forty microliter volumes of the culture supernatant were boiled at 100 °C at different times including 0, 10, 20, and 40 min. The antibacterial activity was determined against *S. aureus* ATCC 25923 using disc diffusion method according to the method described above.

In silico analysis {#Sec10}
------------------

BDNA structure was obtained from the Protein Data Bank (1BNA). The cLFchimera were modeled using Modeller 9.2 \[[@CR19]\]. LPS structure was derived from Gram-negative bacteria membrane which was obtained from Prof, Xalid Syma \[[@CR33]\]. The accuracy of the predicted models was examined using Ramachandran plot analysis in PROCHECK <http://servicesn.mbi.ucla.edu/PROCHECK/> \[[@CR34]\]. The complex of BDNA-cLFchimera and LPS-CLFchimera was studied by molecular dynamics simulation (MD) with GROMACS 2016.1 package with periodic boundary conditions in all directions \[[@CR1], [@CR5], [@CR70]\]. AMBER94 force field \[[@CR21]\] for DNA\*peptide and the GROMOS 53A6 force field \[[@CR45]\] for LPS\*peptide interactions were used. The long-range electrostatic interactions were calculated using particle-mesh Ewald (PMD) method, whereas the van der Waal interactions were treated with smooth cutoff at a distance of 12 A° \[[@CR31]\]. All the systems were solvated in cubic water box with Simple Point Charge (SPC) water model \[[@CR4]\]. To neutralize the entire system Na^+^ and Cl^−^ ions were added by substituting the water molecules. Energy minimization was performed using steepest descent algorithm for 50,000 cycles. Further, minimized system was equilibrated into the isothermal-isobaric (NPT) phases for 1000 ps at a constant pressure of 1 bar with Parrinello-Rahman pressure coupling method \[[@CR42]\] and a temperature of 300 K with Nosé-Hoover temperature coupling method \[[@CR20]\]. The equilibrated systems were used for a production run at 300 K and 1 bar pressure for 50,000 ps. To increase the accuracy every system was simulated in three replicates. Dynamic behavior and stability of each system were analyzed including root mean square deviation (RMSD), center of mass distances (COM) and hydrogen bond using Gromacs in-built tools. Binding free energy was calculated using molecular mechanics/Poisson Boltzmann surface area (MM/PBSA) estimation. The MmPbSaDecomp.py python script was used to estimate the contribution of each residue to the total binding free energy \[[@CR31], [@CR33]\].

Statistical analysis {#Sec11}
--------------------

All assays were performed with three biological replications and the calculations were made to determine the average of diameters for inhibition zones. Data sets were subjected to analysis of variance (ANOVA) and Duncan's multiple range test using SAS software (SAS 9.1).

Results {#Sec12}
=======

Design and vector construction {#Sec13}
------------------------------

The results of restriction digestion (Fig. [1](#Fig1){ref-type="fig"}b2) and sequencing showed that cLFchimera coding sequence was successfully cloned into pAMJ1653 vector in the correct frame (Fig. [1](#Fig1){ref-type="fig"}A) without any mutation. The colonies transformed by pAMJ1653 vector were analyzed by colony PCR using P170 specific primers which amplified 125 bp fragment in culture medium without alanine.

Transformation of *L. lactis* and peptide expression {#Sec14}
----------------------------------------------------

*L. lactis* harboring recombinant pAMJ1653 vector was selected through colony PCR by specific primers on a single colony. The expression of the chimeric peptide in harvested supernatant was evaluated by SDS-PAGE analysis. As expected, a 4.2 kD protein band corresponding to the size of cLFchimera was observed in the gel; suggesting that the peptide was properly expressed in AMJ1543 strain and secreted into medium culture (Fig. [1](#Fig1){ref-type="fig"}C). The His-tag purified peptide concentration was 0.13 mg/mL.

Evaluation of antibacterial activity {#Sec15}
------------------------------------

For evaluation of peptide functionality, the medium containing cLFchimera was examined for antibacterial activity using disc diffusion assay. The results indicated that the medium containing the chimeric peptide had antibacterial effect against *E. coli* (ATCC 25404), *S. aureus* (ATCC 15981), *S. typhimurium* (ATCC 14028), *E. faecalis* (ATCC 47077), *L. monocytogenes* (ATCC 19111) and *P. aeroginosa PAO1* (Fig. [2](#Fig2){ref-type="fig"}). Fig. 2The result of disc diffusion assay for the candidate pathogens in this study. Three different volumes of culture supernatant containing the chimeric peptide (10, 20 and 40 μL) were considered as treatments. +C: Penicillin (P, 10 mg/disc) and Gentamicin (G, 10 mg/disc), −C: culture supernatant of *L. lactis* harboring self-ligated pAMJ1653 vector

Moreover, the statistical analysis of inhibition zone diameters showed a significant difference between diverse amounts of cultural medium containing recombinant peptide against all foodborne bacteria (*p* \> 0.0001). The results are presented in the Table [1](#Tab1){ref-type="table"}. Table 1Antimicrobial activity of the chimeric peptide evaluated by disc diffusion methodBacterial speciesVolume of supernatant (μL)Positive controlNegative control102040Gentamicin*S. aureus*11.1 ± 0.14 ^c^15.8 ± 0.14 ^b^21.1 ± 0.14^a^20.1 ± 0.14 ^a^\_*E. coli*9.1 ± 0.17 ^c^13.8 ± 0.17 ^b^16.2 ± 0.17^a^15.8 ± 0.17^a^\_*S. typhimurium*11.2 ± 0.33^c^13.9 ± 0.33^b^18.4 ± 0.33^a^19.0 ± 0.33^a^\_*L. monocytogenes*11.1 ± 0.50 ^c^16.6 ± 0.5 ^b^21.3 ± 0.5 ^a^21.3 ± 0.5 ^a^\_*E. faecalis*20.8 ± 0.32 ^d^24.5 ± 0.32 ^c^28.6 ± 0.32 ^b^30.1 ± 0.32 ^a^\_*P. aeroginosa*21.0 ± 0.22^d^24.2 ± 0.22^c^27.6 ± 0.22 ^b^31.1 ± 0.22 ^a^\_The data are the inhibition zone around the discs (mm) loaded by different volume of supernatants containing recombinant peptide and antibiotic. The data are presented as average values of three replicates with their standard error. Negative control: M17 cultured with non-recombinant *L. lactis*. Means with different letter(s) are significantly different based on DUNCAN multiple test (α = 0.05). -- representing no growth inhibition

Phenotypic biofilm assay {#Sec16}
------------------------

The effect of cLFchimera on biofilm formation was evaluated against *P. aeruginosa, S. aureus*, *E. faecalis* and *E. coli* bacteria. To this end, MIC for cLFchimera was determined by purified cLFchimera (Table [2](#Tab2){ref-type="table"}) and then the inhibitory effect of this peptide was examined on biofilm formation by phenotypic biofilm assay. Based on the phenotypic biofilm results, the highest and the lowest inhibitory effect of cLFchimera was observed on *S. aureus, P. aeruginosa E. coli,* and *E. faecalis,* respectively (Fig. [3](#Fig3){ref-type="fig"}A). Table 2Minimum inhibitory concentration (MIC) of the cLFchimera against some foodborne pathogensBacteriaSourceMIC (μg/mL)*P. aeroginosa*PAO128.6*S. aureus*ATCC 1598193.11*E. faecalis*ATCC 470773.12*E. coli*ATCC 2540444.33Fig. 3**A** Inhibitory effect of cLFchimera on biofilm formation which was determined by phenotypic biofilm assay. The absorbance was measured at 590 nm. +cLFchimera: treated with peptide; −cLFchimera: un-treated with peptide. **B** Inhibitory effect of cLFchimera on DPPH as a free radical. **C** The results of thermal stability of recombinant chimeric peptide against *S. aureus* for three different periods of boiling (a, b and c referred to 10, 20 and 40 min, respectively). d: Penicillin (10 mg/disc), −: culture supernatant of *L. lactis* harboring self-ligated pAMJ1653 vector. **\*** It referred significantly to different levels of peptide concentration. The average percentage of inhibitory effect with different number of asterisk (s) is significantly different based on DUNCAN multiple test (α = 0.05)

Antioxidant activity and thermal stability of recombinant peptide {#Sec17}
-----------------------------------------------------------------

DPPH as a free radical was used for determining the antioxidant activity of cLFchimera. Our results showed that cLFchimera reacted rapidly with the DPPH. Absorbance at 517 nm was dramatically decreased with increasing the amount of chimeric peptide and reached the minimum at 300 μg/mL. At this peptide concentration (IC50: 300 μg/mL) approximately 50% of DPPH was inactivated by chimeric peptide. Interestingly, by increasing the peptide concentration the antioxidant activity decreased (Fig. [3](#Fig3){ref-type="fig"}B). Finally, thermal stability analysis of the chimeric peptide showed that the temperature corresponding to 100 °C for 40 min had no significant effect on its antibacterial activity against *S. aureus* as a Gram-positive bacterial model as shown in Fig. [3](#Fig3){ref-type="fig"}C.

Validation of 3D cLFchimera structure {#Sec18}
-------------------------------------

The generated model for the cLFchimera was examined for overall model quality prior to simulation. The Ramachandran plot obtained for the cLFchimera revealed that 92.3% of the residues were situated within the most favored region, while 7.7% residues of CLFchimera were found within the additional allowed region. This result shows the obtained model was consistent and could be used in molecular dynamics analyses.

Molecular dynamic analysis {#Sec19}
--------------------------

To better understand the possible mode of action for cLFchimera, DNA and LPS were candidates as extra and intra-cellular targets in MD analysis, respectively. RMSD was calculated as one of the most common measures of structural fluctuations during simulation. The results show that interaction of the chimeric peptide to both of the targets increased the RMSD value which indicated the change of peptide structure through binding to these two targets. Change in peptide structure when it interacts with LPS was significantly higher than DNA peptide interaction (Fig. [4](#Fig4){ref-type="fig"}). Fig. 4Time evolution of the RMSD, computed through least square fitting of backbone atom

To monitor the distance between peptide and targets during MD simulation the center of mass distance analysis was performed. Side view of snapshots at first and last ns are shown in Fig. [5](#Fig5){ref-type="fig"}b and c. COM distances were initially set as approximately 3.5 and 3 nm for cLFchimera\*DNA and cLFcimera\*LPS, respectively (Fig. [5](#Fig5){ref-type="fig"}a and cyan snapshots in Fig. [5](#Fig5){ref-type="fig"}b and c). The peptide instantly moved toward the DNA grooves and LPS (Lipid A) and COM distances decreased rapidly compared to their initial state as illustrated in Fig. [5](#Fig5){ref-type="fig"}a. and the green snapshots in Fig. [5](#Fig5){ref-type="fig"}c. Based on our results the peptide showed high affinity to lipid A as a main target for AMPs in Gram-negative bacteria. Fig. 5A representative trajectory of the distance decrease during simulation. **a** Center of mass distances for LPS\*cLFchimera (red) and DNA\*cLFchimera (black). **b** Side view of snapshots at the first and last ns for DNA\*cLFchimera interaction. **c** Side view of snapshots at the first and last ns for LPS\*cLFchimera interaction

For having a deeper view in peptide\*LPS and peptide\*DNA complexes, the number of hydrogen bonds formed between peptides and targets was calculated (Fig. [6](#Fig6){ref-type="fig"}a and b). On average, there were about 5 and 4 hydrogen bonds between the peptide and LPS and DNA, respectively. For example, there were 5 hydrogen bonds in Fig. [6](#Fig6){ref-type="fig"}c, between ARG22, GLN29, ARG16, LYS9 and LYS5 and DNA and also 5 hydrogen bonds in Fig. [6](#Fig6){ref-type="fig"}d between SER20, LYS24, LYS34, LYS21, and GLN31 and LPS. Considering that hydrogen-bond forming has a main role in stabilizing protein\*DNA and protein\*LPS complexes, cLFchimera would have a proper stable interaction with these targets. Hydrogen bonding values shown behaved similarly in all replicates. Fig. 6The number of hydrogen bonds between **a** DNA and cLFchimera, **b** LPS and cLFchimera. Snapshot at the t = 50 ns for DNA and cLFchimera (**c**) and LPS and cLFchimera (**d**), the blue dash lines represent the hydrogen bond

The binding free energy analysis was calculated using the MM/PBSA method. The results showed that cLFchimera\*DNA and cLFchimera\*LPS had a strong binding energy 720 kJ/mol and 514 kJ/mol, respectively. The contribution of residues in cLFchimera\*DNA and cLFchimera\*LPS complexes were screened and the corresponding binding energy was calculated with the MmPbSaDecomp.py python script. The result demonstrated that residues LYS5, LYS9, LYS13, ARG16, LYS18, LYS21, ARG22, LYS24, LYS25, ARG27, ARG28, LYS34 and LYS35 are the key residues for compounds binding in the cLFchimera\*DNA and cLFchimera\*LPS interactions. However, both GLU12 and SER36 have a negative effect on total binding energy due to their negative charges (Fig. [7](#Fig7){ref-type="fig"}). Fig. 7The contribution of residues to the binding energy for active compounds

Discussion {#Sec20}
==========

Generation of engineered food-grade bacteria to produce and deliver therapeutic agents is a hopeful approach for the development of new therapies for gastrointestinal tract disorders \[[@CR58], [@CR68]\]. One such bacterium, *L. lactis*, is routinely used for heterologous protein expression in therapeutic and industrial applications \[[@CR40], [@CR59]\]. Moreover, *L. lactis* is classified 'generally recognized as safe' (GRAS) by the Food and Drug Administration (FDA) \[[@CR6]\]. Therefore, this system could be an interesting expression platform in food industry area. As was mentioned above, the main aim of this study was to express an antimicrobial peptide in *L. lactis*. Our results showed that the recombinant camel chimeric lactoferricin and lactoferrampin (cLFchimera) was successfully expressed in *L. lactis* and showed antimicrobial activity against different foodborne pathogens. Our results were well in accordance with other studies which showed antibacterial activity of bovine chimeric lactoferricin and lactoferrampin \[[@CR8], [@CR69]\]. (The P170 expression system offers a series of vectors designed for protein secretion by means of SP310mut2, an optimized version of a SP from a native lactococcal protein with the ability to promote efficient protein secretion \[[@CR29]\]. The presence of secretion signal peptide SP310mut2 in this expression system allows secretion of recombinant peptide in the medium immediately after synthesis, providing the possibility to use this peptide without any extra process. The efficacy of the P170 expression system for secretion has recently been proven \[[@CR29]\] and reconfirmed in our study. The recombinant chimeric peptide was successfully expressed in *L. lactis* strain AMJ1543, a mutant strain which does not have the ability to synthetize Alanine racemase and was previously selected in an alanine-free medium. Due to the lack of antibiotics as a selectable marker, it will be quite safe to use this platform for oral consumption in the future.

The chimeric synthesized recombinant peptide is one of the most hydrophobic peptides. It has been shown that the hydrophobic antimicrobial peptide can recognize the anionic lipids situated in the external surface of bacterial membrane. Attachment of this antimicrobial peptide to the bacterial membrane and subsequently their accumulation inside the membrane causes pores formation and bacterial death \[[@CR32], [@CR74]\]. This could be the possible mechanism of antimicrobial activity of the recombinant peptide used in this study.

In the present study we used some foodborne pathogens in the food industry to test the antimicrobial activity of the synthesized recombinant peptide. The desired inhibition was observed against all bacteria treated with the recombinant peptide. Stronger antimicrobial activity was observed in higher peptide concentration. The antibacterial activity of bovine chimeric lactoferricin and lactoferrampin against *Salmonella typhimurium* as a negative and *Staphylococcus aureus* as a Gram-positive bacterium has been proven by other researches and results showed that this recombinant peptide has antibacterial activity against both types of Gram-positive and Gram-negative bacteria \[[@CR57], [@CR66]\]. The camel recombinant peptide used in this study also showed an effective antibacterial activity against Gram-positive *S. aureus, E. faecalis* and *L. monocytogenes*, as well as Gram-negative *P. aeruginosa, E. coli* and *S. typhimurium.* Several studies showed that *L. Lactis* has antimicrobial activity against some pathogenic bacteria \[[@CR3]\]. Nisin and secreted lactic acid (pH) are two well-characterized antibacterial agents of *L. lactis*. However, in our results we did not observe any inhibitory zone in the disc diffusion assay for culture supernatant of *L. lactis* harboring self-ligated pAMJ1653 vector as negative control after 24 h of incubation even in 40 μL. These observations were likely due to the low concentration of these antibacterial agents in that volume of culture supernatant or short time of incubation.

After purifying the chimeric peptide from culture supernatant, anti-biofilm formation and antioxidant activities were examined. cLFchimera showed strong anti-biofilm formation against *S. aureus* and *P. aeruginosa* and moderate effect on *E. coli* and *E. faecalis*. Wakabayashi et al. \[[@CR71]\] showed that both human and bovine lactoferrin had inhibitory effect on biofilm formation against *P. gingivalis* and *P. intermedia* \[[@CR71]\]. While anti-biofilm effect of lactoferrin and its derivatives has been demonstrated, the mode of action remains an area of active research \[[@CR2], [@CR56]\]. The most obvious mechanism of lactoferrin action is removal of iron in the environment, thus limiting the capacity of the biofilm to survive. However, some evidence suggests that lactoferrin interaction with the biofilm may be more complex \[[@CR72]\].

Safaeian and Zabolian \[[@CR54]\] reported that oral administration of bovine lactoferrin strongly reduced the production of reactive oxygen species (ROS) by inhibition of oxidative stress \[[@CR54]\]. In another study, in vitro antioxidant activity of lactoferrin was evaluated by scavenging capacities against DPPH free radicals and the results showed that lactoferrin had obvious lipid peroxidation inhibitory activity \[[@CR37]\]. In parallel with these findings, cLFchimera showed antioxidant activity and reacted rapidly with the DPPH. Interestingly, with increasing the peptide concentration the antioxidant activity decreased which may indicate the peptide interacts with other peptides in high concentration and therefore, loses the opportunity to interact with DPPT as free radical.

The thermal processing method is usually used for different stages of the food industry. For example, it can be important in sterilizing high resistance proteins such as lactoferrin \[[@CR18]\]. The thermal stability of lactoferrin has already been reported \[[@CR13]\]. The chimeric peptide derived from camel lactoferrin also showed reasonable thermal stability which could be considered in industrial processes.

AMPs usually mediate their antibacterial activity using two well-known mechanisms including extra and intra-cellular actions. LPS \[[@CR36]\] and DNA \[[@CR15]\] are two candidates considered as the targets of AMPs. Several studies indicated that AMPs initially interact with LPS as the main extra-cellular targets and then mediate their action by cell membrane disruption. The most important parts of LPS for AMPs binding are known as Lipid A \[[@CR52]\]. Our in silico analysis showed that cLFchimera had strong affinity to Lipid A which is in accordance with the findings of Rossi et al. \[[@CR52]\]. Numerous studies revealed nucleic acids have been proven as intracellular targets for some antimicrobial peptides such as MDpep9 \[[@CR67]\], Buforin I \[[@CR48]\], Indolicidin \[[@CR23]\], Cecropin PR39 \[[@CR26]\], and NK18 \[[@CR73]\]. Binding of AMPs to major groove of DNA is likely due to positive charge of these peptides which interacts with negative DNA charge \[[@CR55]\]. In parallel to this finding, the amount of electrostatic energy binding obtained in our results was the main considerable part of total free energy binding which confirmed the previous results \[[@CR46]\]. In both cLFchimera\*LPS and cLFchimera\*DNA interactions the same residues of peptide acted as active compounds. Based on our contribution analysis, LYS 5, 9, 13, 18, 21, 24, 25, 34, 35 and ARG16, 22, 27 have the negative binding energy, therefore, they are the key residues for these complex formations. According to different charge between peptide and targets these results are rational. However, our results indicate that GLU 12 and HIS 42 were an inhibitor for these interactions. Considering the negative charge of GLU 12 this result was predictable. HIS 42 sometimes has positive charge in physiological pH. So, the presence of this AA as an inhibitor residue in this interaction was a surprising result.

Regarding the possibility of using *L. lactis* expression system in dairy products \[[@CR25]\], it seems that our developed expression system in the present study could be used as a food preservative in dairy products. Moreover, the growth ability of *L. lactis* in acidic pH and the optimal stability of this bacterium in the gastrointestinal tract, along with its ability to inhibit pathogenic bacteria in intestine \[[@CR12]\] and all other advantages make this bacterium as a suitable candidate in future studies with the aim of its application in the food industry.

Conclusions {#Sec21}
===========

In the present study, we generate a food-grade *L. lactis* strain with the ability to secrete an antimicrobial peptide into the culture medium. The culture supernatant of the engineered *L. lactis* containing the peptide showed significant antibacterial activity against some foodborne pathogens. The purified recombinant peptide had anti-biofilm formation and antioxidant activity and was also stable after boiling. Our in silico analysis showed that cLFchimera had strong affinity to DNA and LPS as two targets in bacteria by positive charged residues after molecular dynamic simulation. Overall, considering the appropriateness and the broad-spectrum antimicrobial activity of this chimeric peptide, it is recommended to evaluate this bioengineered *L. lactis* strain as a food preservative in future studies.
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